The study of eukaryotic viral DNA replication in vitro has led to the identification of cellular enzymes involved in DNA replication. Adeno-associated virus (AAV) is distinct from previously reported systems in that it is believed to replicate entirely by leading-strand DNA synthesis and requires coinfection with adenovirus to establish completely permissive replication. In previous work, we demonstrated that two of the AAV nonstructural proteins, Rep78 and -68, are site-specific endonucleases and DNA helicases that are capable of resolving covalently closed AAV termini, a key step in AAV DNA replication. We have now cloned the AAV nonstructural proteins Rep78, Rep68, and Rep52 in the baculovirus expression system. Using the baculovirusexpressed proteins, we have developed an efficient in vitro AAV DNA replication system which mimics the in vivo behavior of AAV in every respect. With no-end AAV DNA as the starting substrate, the reaction required an adenovirus-infected cell extract and the presence of either Rep78 or Rep68. Rep52, as expected, did not support DNA replication. A mutant in the AAV terminal resolution site (trs) was defective for DNA replication in the in vitro assay. Little, if any, product was formed in the absence of the adenovirus-infected HeLa cell extract. In general, uninfected HeLa extracts were less efficient in supporting AAV DNA replication than adenovirus-infected extracts. Thus, the requirement for adenovirus infection in vivo was partially duplicated in vitro. The reduced ability of uninfected HeLa extracts to support complete DNA replication was not due to a defect in terminal resolution but rather to a defect in the reinitiation reaction or in elongation. Rep78 produced a characteristic monomer-dimer pattern of replicative intermediates, but surprisingly, Rep68 produced little, if any, dimer replicative form. The reaction had a significant lag (30 min) before incorporation of 32P-deoxynucleoside triphosphate could be detected in DpnI-resistant monomer replicative form and was linear for at least 4 h after the lag. The rate of incorporation in the reaction was comparable to that in the simian virus 40 in vitro system. Replication of the complete AAV DNA molecule was demonstrated by the following criteria. (i) Most of the monomer and dimer product DNAs were completely resistant to digestion with DpnI. (ii) Virtually all of the starting substrate was converted to heavy-light or heavy-heavy product DNA in the presence of bromo-dUTP when examined on CsCl density gradients. (iii) Both flip and flop orientations of the terminal repeat were present in the product DNA, suggesting that each of the terminal repeats underwent at least two rounds of terminal resolution. The availability of an efficient in vitro AAV DNA replication assay should help to identify cellular proteins required exclusively for leading-strand DNA synthesis.
The study of eukaryotic viral DNA replication in vitro has led to the identification of cellular enzymes involved in DNA replication. Adeno-associated virus (AAV) is distinct from previously reported systems in that it is believed to replicate entirely by leading-strand DNA synthesis and requires coinfection with adenovirus to establish completely permissive replication. In previous work, we demonstrated that two of the AAV nonstructural proteins, Rep78 and -68, are site-specific endonucleases and DNA helicases that are capable of resolving covalently closed AAV termini, a key step in AAV DNA replication. We have now cloned the AAV nonstructural proteins Rep78, Rep68, and Rep52 in the baculovirus expression system. Using the baculovirusexpressed proteins, we have developed an efficient in vitro AAV DNA replication system which mimics the in vivo behavior of AAV in every respect. With no-end AAV DNA as the starting substrate, the reaction required an adenovirus-infected cell extract and the presence of either Rep78 or Rep68. Rep52, as expected, did not support DNA replication. A mutant in the AAV terminal resolution site (trs) was defective for DNA replication in the in vitro assay. Little, if any, product was formed in the absence of the adenovirus-infected HeLa cell extract. In general, uninfected HeLa extracts were less efficient in supporting AAV DNA replication than adenovirus-infected extracts. Thus, the requirement for adenovirus infection in vivo was partially duplicated in vitro. The reduced ability of uninfected HeLa extracts to support complete DNA replication was not due to a defect in terminal resolution but rather to a defect in the reinitiation reaction or in elongation. Rep78 produced a characteristic monomer-dimer pattern of replicative intermediates, but surprisingly, Rep68 produced little, if any, dimer replicative form. The reaction had a significant lag (30 min) before incorporation of 32P-deoxynucleoside triphosphate could be detected in DpnI-resistant monomer replicative form and was linear for at least 4 h after the lag. The rate of incorporation in the reaction was comparable to that in the simian virus 40 in vitro system. Replication of the complete AAV DNA molecule was demonstrated by the following criteria. (i) Most of the monomer and dimer product DNAs were completely resistant to digestion with DpnI. (ii) Virtually all of the starting substrate was converted to heavy-light or heavy-heavy product DNA in the presence of bromo-dUTP when examined on CsCl density gradients. (iii) Both flip and flop orientations of the terminal repeat were present in the product DNA, suggesting that each of the terminal repeats underwent at least two rounds of terminal resolution. The availability of an efficient in vitro AAV DNA replication assay should help to identify cellular proteins required exclusively for leading-strand DNA synthesis.
Much of what is known about eukaryotic DNA replication has come from in vitro studies of the replication of simian virus 40 (SV40), a small DNA virus which relies largely on cellular replication enzymes for amplification (5, 18, 20, 21, 30, 33, 49, 50, (52) (53) (54) (55) (56) . Adeno-associated virus (AAV) is a single-stranded human DNA virus whose genome size is approximately 5 kb (43; see references 1 and 31 for reviews). Like SV40, AAV appears to rely on cellular enzymes for DNA replication (1, 3, 17, 31, 45) . However, unlike SV40, AAV appears to use exclusively leading-strand DNA synthesis ( Fig. 1) (2, 9, 10, 24, 25, 46, 47) . Thus, the development of an efficient in vitro AAV DNA replication system may be useful for identifying cellular enzymes that are used primarily for leading-strand synthesis. In addition, AAV is unusual in that coinfection with a helper virus (either herpesvirus or adenovirus [Ad] ) is essential for establishing a completely permissive environment for viral amplification (1, 31) . In the case of Ad, which has been studied extensively, it appears that the helper virus is used primarily for the induction of AAV or cellular genes that are required for AAV replication (1, 3, 17, 31, 45) . The Ad DNA polymerase and terminal protein are not required for AAV DNA synthesis, and the Ad DNA-binding protein, although serving an essential helper function, appears to be required primarily for efficient AAV gene expression (3, 17, 45) .
Two AAV genes are required for viral DNA replication. The first is the viral origin of DNA replication (9, 25, 37, 39) , which consists of a 145-bp terminal repeat (TR). The second is the rep gene, which codes for four nonstructural proteins that are synthesized from a single open reading frame by the use of alternate promoters and splicing (1, 31, 43) . Viruses with mutations in the two larger proteins, Rep78 and Rep68, are defective for viral DNA replication (11, 48) , while mutations in the smaller Rep proteins, Rep52 and Rep4O, do not affect the production of replicative-form (RF) DNA (4) . Like other parvoviruses, the AAV genome replicates by a self-priming strand displacement mechanism (2, 9, 10, 24, 25, 35, 46, 47) . The first step in DNA replication is the conversion of the single-stranded input genome into a linear duplex molecule in which at least one of the ends of the molecule is covalently joined. This is accomplished by using the terminal AAV palindrome as the primer for synthesis of the complementary strand. The covalently joined end is then converted into an open duplex end by a process called terminal resolution or hairpin tiansfer ( Fig. 1) resolution is that the terminal AAV sequence is inverted (24, 25, 35, 42) . Following resolution, the ends of the molecule are believed to reform the terminal hairpins, thus providing a 3' OH primer for strand displacement synthesis (reinitiation [ Fig.  1]) . Elongation from the hairpin primer then generates a single-stranded genome (which is presumably packaged) and a new RF molecule which again can undergo terminal resolution. Several other types of RF molecules can theoretically be formed during AAV replication. One of these is a dimer RF which presumably is formed when strand displacement synthesis proceeds through a terminal sequence that has not yet been resolved (Fig. 1) . The two major forms of RF species found in vivo are monomer and dimer duplex molecules (46) .
In previous work, we have purified Rep68 to apparent homogeneity from AAV-infected cells and have partially purified Rep78 and Rep52 (15, 16) . In addition, we developed several in vitro assays to characterize the biochemical activities of these proteins. For a substrate, we used a linear AAV DNA molecule in which both ends were covalently joined ( Fig. 1) , called no-end (NE) DNA (42) . We demonstrated that both Rep78 and Rep68 were capable of correctly resolving a hairpinned end when supplemented with an uninfected HeLa cell extract (15, 16, 40, 42) to provide DNA polymerase activity. In the absence of a HeLa cell extract, both Rep78 and Rep68 could bind to the AAV terminal hairpin and cut at the terminal resolution site (trs). The trs endonuclease reaction was ATP dependent and was both site specific and strand specific, resulting in a singly nicked product that contained a molecule of Rep covalently attached at the trs site (15, 16, 40) . Finally, both enzymes were found to have an ATP-dependent DNA helicase activity (15, 16) . In contrast, Rep52 had neither terminal resolution nor trs endonuclease activity, and we could detect no specific binding to the hairpin (14, 16 
MATERIALS AND METHODS
Cells, plasmids, and virus. Cells, plasmids, and virus stocks were prepared and maintained as previously described (16, 29) . Mammalian cells were routinely tested for latent AAV proviruses as described elsewhere (29) . SF9 insect cells, wild-type baculovirus, and the baculovirus transfer plasmids described below were obtained from M. Summers (Texas A&M University) and maintained as described elsewhere (22, 23) .
Substrates and chromatography materials. NE substrate DNA was prepared from psub201 plasmid DNA as previously described (36, 42 (Fig. 2) . Recombinant baculovirus was generated as described above except that recombinants containing Rep78 sequences were isolated by probing dot blots of end point dilutions of virus with oligonucleotide 5'-ATCTCGTAAAAC CCCGGCAT, which is specific for the region encoding the NH2 terminus of Rep78. The recombinant virus was subsequently plaque purified.
The Rep68 baculovirus construct was the same as the Rep78 clone except that the intron (AAV nucleotides 1906 to 2228) had been precisely deleted by oligonucleotide directed mutagenesis with oligonucleotide 5'-ACTACGCAGACAGATT GGCTCGAGGA. This deletion mutant was made in the background of pIM29, sequenced, and was designated dlint (19, 26, 27) . Subsequently, the BamHI fragment from 29dll-320 was inserted into the BamHI site of dlint to form plasmid dll-320int. The XbaI fragment from dll-320int was then inserted into the BamHI site of the baculovirus transfer vector pVL941 to make the transfer plasmid 941XR68 (Fig. 2) . Recombinant baculovirus was screened by dot blotting at limiting dilution with an AAV probe and then for the production of Rep68 by immunoblotting with the anti-52/40 monoclonal antibody or an anti-Rep peptide polyclonal antibody previously described (13, 15) . In the case of the anti-52/40 mouse monoclonal antibody, an ammonium sulfate-precipitated fraction of an ascites preparation was used at a 1/10,000 dilution. All baculovirus plaques were replaqued three times before use.
Preparation of baculovirus extracts. One-molar salt extracts of baculovirus-infected nuclei were prepared as follows. One liter of SF9 suspension cells was grown to a density of 1.2 x 106 cells per ml in Graces media supplemented with 10% fetal calf serum, penicillin, streptomycin, and 0.1% pluronic S68 (GIBCO). The cells were infected with the appropriate baculovirus recombinant at a multiplicity of 8 atid incubated at room temperature for 2 to 5 days. After harvesting by centrifugation, the cells were washed once by suspension in buffer A (20 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid] [pH 7.5], 5 mM KCl, 0.5 mM MgCl2, and 0.5 mM DTT) containing 10% sucrose. The cells were then suspended in 40 ml of buffer A for 30 min on ice and lysed by 10 strokes with a type A Dounce homogenizer. Nuclei were harvested by centrifugation for 10 min at 2,000 x g and resuspended in 8 ml of buffer B (50 mM HEPES [pH 7.5], 10% sucrose, 0.4 mM EDTA, 0.3 mM phenylmethylsulfonyl fluoride, 2 ,ug of leupeptin per ml, and 1 ,ug of pepstatin per ml). The suspension was adjusted to 1 M NaCl, incubated on ice for 1 h, and then centrifuged for 1 h at 100,000 x g. The protein concentration of the 1 M nuclear S100 Rep extract was approximately 6 to 7 mg/ml in a final volume of approximately 10 ml. For Rep78, the specific activity was approximately 2 x 104 U (see below for definition) of replication activity per mg of protein.
Purification of baculovirus-expressed Rep68. Rep68 was purified to apparent homogeneity from a 1 M nuclear extract of baculovirus-infected cells (1 liter) by a modification of the method previously described for Rep68 expressed in HeLa cells (15) . Phenylsepharose and single-stranded DNA cellulose chromatography was performed as previously described (15) . The single-stranded DNA cellulose pool was loaded onto a 1-ml HR5/5 mono-S column, washed with 10 column volumes of buffer C (25 mM Tris-HCl [pH 7.5], 0.1 mM EDTA, 1 mM DTT, 50 mM NaCl) containing 0.1 mM phenylmethylsulfonyl fluoride, 0.2 mM pepstatin A, and 15% glycerol. The column was washed with 10 column volumes of the starting buffer and eluted with 20 column volumes of a convex 50 mM-to-1 M NaCl gradient in buffer C. Rep-containing fractions were identified by immunoblotting, pooled, and loaded onto a 1-ml HR5/5 mono-Q column. Elution from the mono-Q column was done in the same way as that from the mono-S column. The peak Rep-containing fraction was dialyzed against buffer C containing 50% glycerol, frozen in liquid nitrogen, and stored at -800C.
Preparation of uninfected and Ad-infected HeLa cell extracts. Two kinds of extracts were used in this study. The first (pVL941
34&
(pA was a cytoplasmic S100 extract prepared as described previously by Stillman and Gluzman (44) . The second was a cytoplasmic extract supplemented with a 0.2 M NaCl nuclear wash and was prepared essentially as described by Wobbe et al. (53) 18 [lI of water and, where indicated, digested with DpnI for 2 h at 37°C. The products (or a portion of them) were separated on either 0.8 or 1% agarose gels by electrophoresis for 4 h at 6 V/cm. The radioactivities in monomer and dimer RF products were counted in dried gels by a scanning gas flow (AMBIS) counter. X-ray film was exposed for 5 min to 16 h without a screen at room temperature.
In addition to the replication assay described above, total incorporation of radioactive precursor into acid-insoluble product was measured by the DE-81 filter paper (Whatman) method. Aliquots of products were spotted onto 1-cm2 filters and immediately immersed in 0.5 M dibasic potassium phosphate (pH 8.6). After 3 min, the filters were washed four more times (3 min each) with 0.5 M phosphate solution, three times with water, and twice with ethanol. The filters were then dried and counted in a liquid scintillation counter.
RESULTS
Expression of Rep proteins in baculovirus vectors. In our previous experiments, we had purified Rep68 to apparent homogeneity and we had partially purified Rep78. Both were purified from HeLa cell extracts that had been infected with Ad and AAV and both were capable of resolving the AAV terminal repeats. However, neither of these proteins was able to promote net DNA synthesis, and although it was possible to separate the two proteins chromatographically, the yields were poor (15, 16, 42) . There were several possible explanations for the failure to achieve net synthesis. The simplest was that the level of Rep protein in HeLa cell crude or partially purified extracts was too low to support DNA synthesis. To obtain extracts that contained higher levels of Rep protein expression, we cloned Rep78, Rep68, and RepS2 into baculovirus vectors and prepared 1 M NaCl extracts of infected insect cell nuclei as described in Materials and Methods. Rep78 and RepS2 clones were constructed by inserting the appropriate region of the Rep coding sequence downstream of the baculovirus polyhedron promoter. The Rep68 clone was constructed in a similar way except that a cDNA clone was constructed by oligonucleotide mutagenesis to remove the Rep68 intron. Figure 2A illustrates the structure of the baculovirus clones and demonstrates that each of the clones expressed a Rep protein of the appropriate size by immunoblot analysis with a monoclonal antibody (13) which recognizes an epitope that is present in all four Rep proteins. In addition, all of the baculovirus clones synthesized Rep proteins that comigrated with Rep proteins synthesized in AAV-infected HeLa cells (data not shown). None of the Rep baculovirus clones produced detectable levels of the other Rep species (Fig. 2A) . This confirmed the earlier report by Owens et al. (32) that none of the other Rep proteins could be detected in extracts from their independently isolated Rep78-expressing baculovirus clone. Two different preparations of Rep78 are shown in Fig. 2A . The earlier one (far left lane) contains a number of shorter Rep species due to proteolysis, but none of these migrate at the position of Rep68 or RepS2. The addition of a several protease inhibitors during extraction (see Materials and Methods) largely eliminated these breakdown products ( Fig. 2A , far right lane). Rep78 and Rep68 are each found in HeLa cell extracts as two slightly differently migrating forms (14, 15, 32, 34) . In contrast, and as reported previously by Owens et al. (32) for Rep78, the baculovirus-expressed Rep78 and -68 were each present as predominantly one species (Fig. 2A) .
The crude 1 M nuclear extracts in Fig. 2A were used as the source of the Rep proteins in the experiments described below. In the case of Rep68, we also purified the protein by a modification of a procedure we reported previously for the purification of Rep68 from HeLa cells (15) (Fig. 2B ; see Materials and Methods). The most highly purified Rep68 fraction, a mono-Q fraction, is also shown in Fig. 2A (Rep68 Q). This fraction was apparently homogeneous. When 1.8 jig of the mono-Q fraction was analyzed on a silver-stained SDS-polyacrylamide gel (Fig. 2B) , very little, if any, contamination by other protein species was detected. The Rep68 mono-Q fraction had a specific activity in the DNA replication assay of approximately 106 U/mg of protein and was approximately 100-to 200-fold purified relative to the crude baculovirus preparation. The total yield of pure Rep68 was approximately 200 to 300 jig from 1 liter of infected SF9 cells.
The ability of Rep78, -68, and -52 to promote in vitro AAV DNA replication. To determine whether the baculovirus-expressed Rep proteins could promote AAV DNA synthesis, we tested each of them in an assay that was similar to the one we used previously for in vitro terminal resolution (42) . The substrate for the reaction was NE DNA (Fig. 1) , which consists of a linear AAV DNA molecule in which both ends are covalently joined (42) . In addition to radiolabeled deoxynucleoside triphosphates, MgCl2, and an ATP-generating system, the reaction mixture contained one of the three Rep proteins (supplied in a crude baculovirus extract) and a crude Ad-infected HeLa cell extract, which could supply the cellular or Ad-encoded replication factors that might be needed for DNA synthesis. The reaction mixtures were incubated for 2 to 6 h. The products were then digested with DpnI and separated by electrophoresis on neutral agarose gels. Successful net synthesis would result in the production of DpnI-resistant monomer and dimer linear AAV RFs (Fig. 1) .
We anticipated from previous genetic and biochemical studies (4, 16, 40) that Rep52 would be unable to promote DNA synthesis by itself but that either Rep78 or Rep68 (or both) might be capable of generating DpnI-resistant AAV RFs. The products of a typical replication assay are shown in Fig. 3 . As expected, Rep52 did not promote the incorporation of detectable levels of radioactive nucleotide into the NE substrate (Fig. 3, lane 5) . The Rep52 reaction also served as an internal control which showed that, without the appropriate Rep protein, the enzymes in the HeLa cell extract or in the baculovirus extract were not capable by themselves of promoting significant background incorporation.
In contrast, the addition of either Rep68 or Rep78 produced DpnI-resistant AAV RF molecules (Fig. 3) . In the case of Rep78, both monomer duplex and dimer duplex forms were synthesized (Fig. 3, lane 2) and the pattern of RFs was similar to that seen in vivo. Surprisingly, in the case of Rep68, only the monomer RF accumulated to any significant extent (Fig. 3,  lane 3 ). To determine whether there might be an inhibitor in the Rep68 extracts that specifically prevented the accumulation of dimer RFs, we assayed the baculovirus-expressed Rep68 mono-Q fraction described above. It also produced primarily monomer RF (Fig. 3, lane 4) . Thus, the inability to accumulate dimer RF species appeared to be an intrinsic property of Rep68, and it was the first clear difference that we have noticed between the biochemical activities of Rep68 and Rep78. In addition, the experiments in which we used purified Rep68 to drive the replication reaction allowed us to calculate the ratio of Rep to DNA molecules in our assay. Titration of the mono-Q fraction (data not shown) revealed that optimal activity was achieved at a ratio of approximately 20 Rep68 molecules to 1 terminal repeat in the starting substrate. This ratio was twice that used in the experiment whose results are showed in Fig. 3 and was based on a theoretical molecular mass of Rep68 of 61,000 Da. We could not be certain, however, that all of the Rep68 molecules in the mono-Q fraction were active.
In addition to the monomer and dimer RF species generated by Rep78, several additional DpnI-resistant species were often seen, particularly a doublet that migrated just more slowly than the dimer duplex (Fig. 3, lanes 1 and 2) . The larger species of this doublet had a mobility consistent with that of a tetramer RF molecule (see also Fig. 4B ), but the structures of the other species in the doublet as well as the even higher-molecularweight forms in the Rep78 lanes have not yet been determined. All of these species have also been seen in vivo. Finally, a significant amount of radioactivity was incorporated into the DpnI-sensitive product during the course of the reaction. A comparison of the Rep52 lane with the Rep78 and Rep68 lanes (Fig. 3) suggests that a substantial amount of the DpnIsensitive incorporation was also Rep dependent. A possible explanation for this effect is that the DpnI-sensitive products represent partially replicated molecules that have incorporated radioactive nucleotides in a Rep-dependent fashion.
Reaction kinetics. As expected, the amount of radioactive nucleotide incorporated and the level of DpnI-resistant monomer and dimer RFs synthesized were dependent on the amount of Rep extract added to the reaction mixture (Fig. 4A) . Although some incorporation into DpnI-sensitive products was seen at all levels of Rep, incorporation into the DpnI-resistant product appeared to be linear with Rep extract only after a threshold level of Rep extract had been reached (Fig. 4A) . This may reflect the need to assemble a complex of Rep tion after electrophoresis on a neutral agarose gel (Fig. 5) . Virtually all of the starting material was shifted from the light to the hybrid density. This suggested that nearly all of the starting substrate had been used during the course of the 6-h reaction and had undergone at least one round of replication. The small amount of starting substrate that remained at the light density was monomer length, as expected. In contrast, hybrid density fractions contained both monomer and dimer species, as might be expected of material that had undergone DNA replication. In addition, a small fraction of the products (<5%) were found at the heavy position of the gradient, suggesting that some of the product DNA was the result of at least two rounds of full-length DNA replication. Orientation of the terminal sequences in product DNA. As mentioned earlier, the terminal repeat sequences are inverted during each round of terminal resolution. Actively replicating AAV DNA contains equal amounts of the two terminal repeat orientations, flip and flop (24, 25, 35) . The starting NE substrate was constructed so that both ends would generate the flop orientation during the first round of resolution (36, 42) . Reinitiation and strand displacement synthesis of the fulllength molecule would then generate a covalently closed end that would generate the flip orientation after a second round of resolution. In our previous experiments, in which no net synthesis and only one round of terminal resolution had occurred, we detected only the flop orientation in the products of the reaction (42) . Under the conditions of net synthesis used here, we expected to find both orientations in the products of the reaction. To see whether we could detect both orientations of the terminal repeats, we isolated the resolved terminal XbaI fragment from the products of the replication reaction as described previously (42) (see the legends to Fig. 6A and 7B) . Digestion of the terminal XbaI fragment with SmaI revealed that both orientations were present in the products of the reaction in approximately equal amounts (Fig. 6A) . This suggested that, indeed, more than one round of terminal resolution was occurring during the course of the replication reaction.
In addition, we demonstrated in our previous work that the apparent molecular weight of the in vitro-resolved SmaI terminal flop fragment was slightly larger than expected (42) . This was due to the fact that, during in vitro resolution, a molecule of Rep protein was covalently attached to the 5' end of the terminal repeat, and even after treatment of the products with proteinase K, a portion of the Rep protein still remained attached (15, 40, 42) . When the SmaI flop fragment was treated with pronase and proteinase K, its apparent molecular weight was reduced further, presumably because additional amino acids of the Rep protein were removed. To see whether the same would be true of the terminal fragments generated in the DNA replication assay, some of the SmaI terminal fragments were digested with pronase in addition to proteinase K (Fig. 6A) . Both the flip (68 bp) and the flop (46 bp) terminal fragments were shifted to a lower molecular weight after digestion with pronase. This suggested that the bulk of the product DNA generated in the in vitro replication reaction contained a covalently attached Rep protein. (41) and defective for DNA replication in vivo (56a). The DNA replication reaction conditions were the same as those for Fig. 4B . The products of the reaction were electrophoresed on a 0.8% agarose gel.
whether the in vitro AAV replication reaction was specific for a wild-type AAV origin, a mutant origin was tested in the reaction. The HpaIA mutant substrate consisted of NE DNA in which both termini had identical 8-bp linker insertions near the terminal resolution site. In previous work, we have shown that this mutant substrate is approximately 50-fold less efficient in its ability to be cut by the Rep protein at the terminal resolution site in vitro (41) , and Samulski and his colleagues (34a) have shown that it is equally defective for DNA replication in vivo. When the HpaIA mutant substrate was compared with the wild-type origin in the in vitro replication assay, there was a clear preference for the wild-type terminal repeat (Fig.   6B ). Only small amounts of monomer and dimer RF species could be detected in the products of the reaction with the mutant substrate, even after prolonged exposure of the gel. Requirement for an Ad-infected extract. As mentioned earlier, AAV DNA replication is unusual in that coinfection with Ad is usually necessary to establish fully permissive conditions for DNA replication. To see whether the in vitro reaction also depended on Ad infection, the abilities of uninfected and Ad-infected HeLa cell extracts to support AAV DNA replication were compared ( Fig. 7 and 8 ). The results in Fig. 7A show that, in the presence of Rep78, uninfected HeLa extracts supported incorporation of radioactive nucleotides into product DNA but virtually all of the product DNA was DpnI sensitive. In contrast, the Ad-infected extract efficiently generated DpnI-resistant monomer and dimer RF species. As expected, both the uninfected and the Ad-infected extracts promoted little incorporation in the absence of Rep protein or in the presence of a wild-type baculovirus extract. The difference between uninfected and Ad-infected HeLa extracts was confirmed by titrating each extract in the presence of a constant amount of Rep (Fig. 8) . As more Ad-infected extract was added to the reaction mixture, the yield of DpnI-resistant monomer and dimer RF products increased (Fig. 8, lanes 5 to  8) . In contrast, it was difficult to detect DpnI-resistant products with the uninfected HeLa extract at any concentration that was tried (Fig. 8, lanes 1 to 4) . The same difference between uninfected and Ad-infected extracts was seen when Rep68 was used in the replication assay (Fig. 8, lanes 9 and 10) 1 to 8) or 0.9 ,ug of Rep68 (lanes 9 and 10) baculovirus nuclear extract (1 M) and increasing amounts of an uninfected HeLa S100 extract (lanes 1 to 4 and 9) or an Ad-infected HeLa extract (lanes S to 8 and 10). Extract amounts (in micrograms): 76.5 (lanes 1 and 5), 102 (lanes 2 and 6), 127 (lanes 3, 7, 9, and 10), and 153 (lanes 4 and 8). The reaction mixtures were incubated at 37°C for 4 h, treated with proteinase K, and digested with DpnI. One-sixth of each reaction was separated on a 0.8% agarose gel. dd and md, DpnI-resistant dimer duplex and monomer duplex AAV DNAs, respectively.
of Ad infection suggested that some factor(s) that directly participated in AAV DNA replication was missing (or reduced) in an uninfected HeLa extract. Other explanations, however, are also possible (see Discussion).
Finally, in previous work we had demonstrated that an uninfected HeLa cell extract was capable of supporting the terminal resolution reaction (Fig. 1) provided it was supplemented with purified Rep protein (40) . To see whether this was true of the HeLa extracts used in this study, we digested the products of the in vitro replication assay with XbaI and PstI and compared the yields of the resolved terminal XbaI fragment produced in the presence of uninfected and Ad-infected extracts (Fig. 7B ). Both types of extracts were found to generate approximately the same level of the resolved XbaI fragment in the presence of either Rep78 or Rep68 (Fig. 7B ; compare the X fragments in lanes 4 and 8 with those in lanes 5 and 9). This confirmed our earlier results and suggested that the block in AAV DNA replication with an uninfected HeLa extract occurred at some step after terminal resolution, either in the formation of the reinitiation intermediate or in elongation (Fig. 1) .
Other components required for the reaction. As already discussed, the in vitro reaction required the NE DNA substrate with wild-type terminal repeats and either Rep78 or Rep68 ( Table 1) . As expected from other DNA replication systems, the AAV replication reaction also required the presence of MgCl2, ATP, and an ATP-generating system (creatine phosphate and creatine phosphokinase). Omission of the other ribonucleoside triphosphates (UTP, GTP, and CTP) did not affect the reaction (Table 1) .
DISCUSSION
We have developed an efficient in vitro AAV DNA replication assay that should be useful for identifying and purifying the cellular (or helper virus) components involved in AAV DNA replication. Our assay is up to 100-fold more efficient than previously described assays, both in the utilization of the d An uninfected HeLa S100 extract was substituted for the Ad-infected S100
extract.
starting substrate and in the rate of incorporation (12, 59) . Density shift experiments indicated that almost all of the starting substrate was replicated at least once and a portion of the substrate (less than 5%) was replicated twice during a 6-h incubation (Fig. 5) . The level of labeled nucleotide incorporated suggested that two rounds of DNA replication could occur (Fig. 4) Fig. 1 as the reinitiation substrate) , which then primes a round of full-length strand displacement synthesis to produce a duplex molecule with one hairpinned (or covalently closed) end and a single-stranded molecule. Resolution of the hairpinned end in the duplex molecule would then produce a duplex (heavy-light) molecule that is resolved at both ends and has one flip end and one flop end. Similarly, the singlestranded product of the strand displacement reaction would be elongated by hairpin priming from the 3' end to produce a duplex product with one end in the hairpinned configuration. Terminal resolution of this molecule would also produce a double-stranded product with one flip end and one flop end. Thus, the net result of one round of strand displacement synthesis, followed by elongation of the single-stranded product and the resolution of all hairpinned ends, would be two double-stranded hybrid (heavy-light) molecules and an equal molar ratio of flip and flop ends. This is consistent with our observations (Fig. 5 and 6A) . As yet, we have not examined the product DNA to determine the distribution of flip and flop ends on individual molecules. Dimer molecules (Fig. 1) would be the result of reinitiation and strand displacement synthesis on molecules in which only one of the ends had been resolved. Such events, followed by the resolution of all dimer termini, would also produce hybrid (heavy-light) molecules with equimolar ratios of flip and flop ends. This also is consistent with our observations (Fig. 5) . Finally, we note that other mechanisms could explain the equimolar ratio of flip and flop ends in the product DNA. For example, repeated resolution and partial elongation could occur at an end to generate what would appear to be an equimolar flip/flop ratio. Such a mechanism would be expected to generate small DNA products that contained only the terminal repeat sequence. Although such products were not seen during the course of these studies, we have not rigorously excluded them.
One aspect of the reaction that may not faithfully reflect in vivo AAV DNA replication was the covalent linkage of the Rep protein to the ends of product DNA. Although we have not demonstrated this conclusively, the shift in size in the terminal SmaI fragments after sequential proteolytic digestion (Fig. 6) suggested that most of the product synthesized in vitro contained a covalently attached Rep protein. It is not known whether this is also the case with replicative intermediates in vivo, but there is no evidence that AAV DNA packaged in vivo contains a covalently attached protein. Thus, some processing step that would be required to remove the covalently attached protein prior to or during packaging does not occur in our in vitro DNA replication reaction. It should be noted that no AAV capsid proteins were present in our reactions and Rep and capsid proteins have been found to colocalize in AAVinfected nuclei (13) .
In previous work, we have compared the biochemical properties of Rep78 and Rep68 with respect to DNA binding, trs endonuclease activity, and DNA helicase activity (14) (15) (16) (40) (Fig. 7) . Thus, whatever the missing component is, it appears to be required either for the reinitiation step of AAV DNA replication (in which a putative double hairpinned intermediate is formed) or for elongation during strand displacement synthesis (Fig. 1) 
